Abstract--More than 40 samples of A1 precipitation products formed in the presence of organic (aspartic, oxalic, citric, tartaric, malic, salicylic, and tannic acid, and acetylacetone) and inorganic (chloride, sulfate and phosphate) ligands, which were short-range-ordered materials after 2-5 months of aging, were analyzed by X-ray diffraction (XRD), infrared spectroscopy (IR), and transmission electron microscopic (TEM) examination after prolonged periods of aging in the mother liquids (from 7-15 years). Noncrystalline materials were found after 7-10 years of aging in samples formed in the presence of citrate, tartrate, and tannate at pH -< 8.0 and at ligand/A1 molar ratios (R) ranging from 0.05-0.1; they were found as well in the presence of phosphate and malate at ligand/Al molar ratios from 0.1-0.5. Poorly crystalline AIoxyhydroxides (pseudoboehmite) without AI(OH)3 polymorphs were found in solutions with a wide range ofpH (from 6.0-11.0) in the presence of tartrate, citrate, tannate, malate, salicylate, sulfate, and phosphate after 7-15 years. The crystallinity of these samples was indeed very poor. On the contrary, gibbsite formation was observed in samples formed at pH 7.0 or 8.0 in the presence of oxalate (R = 0.1 or 1.0), aspartate (R = 0.1 and 0.5), malate (R = 0.03 or 0.17), salicylate (R = 0.05), and in samples containing very high concentrations of chloride (R = 700 or 1000). Finally, the formation ofgibbsite was promoted in the presence of montmorillonite, but some samples at pH -< 6.0 in the presence of citrate (R = 0.1), tartrate (R = 0.1), or tannate (R = 0.02 or 0.1) showed after 6 years of aging interstratification of OH-A1 species in the interlayers of the clay mineral and complete lack of AI(OH)3 polymorphs.
INTRODUCTION
The hydrolytic reactions of Al are affected to varying degrees by pH, temperature, aging, and the nature and concentration of counter anions and clay minerals (Hsu and Bates, 1964; Violante and Violante, 1978, 1980; Kodama and Schnitzer, 1980; Huang, 1975, 1979; Violante and Jackson, 1979, 1981; Huang and Violante, 1986; Huang, 1988; Hsu, 1989) . Critical amounts of anions with different structures, functional groups, molecular weight, and chelating power toward A1 ions lead to the formation of noncrystalline or poorly crystalline A1 precipitation products (pseudoboehmite), which do not change into AI(OH)3 polymorphs for many months (Violante and Violante, 1980; Violante and Jackson, 1981; Violante and Huang, 1984 , 1985 Violante, 1985) . Violante and Huang (1985) demonstrated that the lowest initial ligand/A1 molar ratio (R) at which X-ray amorphous materials were formed at pH 8.2 and remained unchanged for at least 5 months varied from 0.02-0.04 for tartrate, citrate, and tannate; was 0.10 for malate and salicylate; and ranged to 0.15 for phosphate, 1.0 for oxalate, and 15 for succinate and phthalate.
Today, there is still very little information on the effect of prolonged aging on the transformation of shortrange ordered A1 precipitation products in the presence of inorganic and organic ligands. Hsu (1973 Hsu ( , 1979 Hsu ( , 1989 found that sulfate, phosphate, or silicate added Copyright 9 1993 , The Clay Minerals Society to solutions with OH/A1 molar ratio of 2.6 inhibited the crystallization of Al(OH)3 up to 3 years. However, sulfate did not prevent crystallization at an OH/AI ratio of 3.3, the hydrolytic reactions of Al being much faster at neutral and alkaline pH values (Hsu, 1967 (Hsu, , 1989 Violante and Violante, 1980; Violante and Huang, 1984, 1985) . Studies on the influence of organic and inorganic ligands on the formation of short-range ordered A1 precipitation products at high pH values have been carried out, but the suspensions of the hydrolitic products of A1 were usually aged for less than one year (Hsu, 1967 (Hsu, , 1979 Serna et al., 1977; Kodama and Schnitzer, 1980; Violante and Violante, 1980; Violante and Huang, 1985; Violante, 1985) . Some ligands enhance the stability of Al(OH)~-montmorillonite (or chlorite-like) complexes, retarding the formation of AI(OH)3 polymorphs even in alkaline solutions (Violante and Violante, 1978; Violante and Jackson, 1981; Barnhisel and Bertsch, 1989; Buondonno et al., 1989) .
The aim of this study was to investigate the influence of long periods of aging (from 7-15 years) on the possible transformations of selected hydrolytic precipitation products of A1. Experiments were conducted in the presence of different organic and inorganic anions and in the absence or presence of montmorillonite, with materials that appeared after 2-5 months to be noncrystalline by XRD or very poorly ordered crystalline Al-oxyhydroxides. 
1 R indicates the initiat ligand/A1 molar ratio. 2 A = X-ray amorphous material; P = pseudoboehmite. 3 Pseudoboehmite was only barely detectable after 2-5 months of aging.
4 The numbers in parenthesis indicate the years of aging. 5 The precipitate was noncrystalline after 2-5 months of aging.
MATERIALS AND METHODS
A1 precipitation products were obtained at initial pH values ranging from 4.7-11.0 by slowly adding 0.05-0.1 M NaOH to solutions containing A1Cla and individual organic or inorganic ligands (oxalic, malic, aspartic, salicylic, citric, tannic or tartaric acid, acetylacetone, NaCl, Na2SO4, and NaHEPO4). The A1 concentration was 2 or 3.10 -3 M; the concentration of each ligand was chosen to have ligand/A1 molar ratios (R) ranging from 0.01-1.00. In selected experiments with sulfate and chloride, which have a moderate or low affinity for A1, R was 50 and 700 or 1000, respectively (Violante and Violante, 1980; Violante and Jackson, 1981; Violante and Huang, 1985, 1992) . The pH and the ligand/A1 molar ratio of each sample under investigation are reported in Tables 1 and 2 . Some other samples were prepared in the presence of the <2 #m fraction of a montmorillonite from Uri (Sardinia, Italy). OH-A1 species were formed between pH 4.5 and 9.0 by the addition, with stirring, of 0.1 M NaOH to a mixture of Ale13 and tartaric, tannic, or citric acid at ligand/A1 molar ratio 0.01-0.1 in the presence of montmorillonite (16-18 meq A1/g clay).
All samples were aged in polyethylene bottles. Aliquots of the aged samples were centrifuged at 10,000 g for 20 min and the supernatants were filtered through Millipore membrane filter (pore size 0.45 #m). The precipitation products were dialyzed and analyzed by X-ray diffraction (XRD), infrared absorption (IR), and transmission electron microscopy (TEM). XRD was carried out using a Rigaku diffractometer with Fe-filtered CoKa radiation generated at 40 kV and 30 mA. The samples (K-saturated if montmorillonite was present) were prepared as oriented aggregates by sedimentation onto glass slides. For TEM examination, a drop of suspension was deposited on a grid covered with a carbon film and allowed to evaporate at 40~ The micrographs were taken with a Philips EM 300. Fourier transform infrared (FTIR) examination of the precipitation products of A1 were obtained from KBr pellets containing air-dried samples (1%). The spectra were recorded in the 4000-400 cm i range on a Perkin Elmer 1710 FTIR spectrophotometer.
RESULTS
The pH values of the suspensions and the mineralogy of the samples after 2-5 months and 7-15 years of aging are reported in Tables 1 and 2 . In all the samples formed at pH 6.0-10.0, more than 90% of the A1 initially added precipitated as solid phases after 7-15 years. Only at initial pHs -< 5.5 did 10%-18% of the initial A1 remain in solution (based on AAS, data not shown).
Formation of short-range ordered Al precipitation products
Many of the precipitates formed in the presence of tartrate, citrate, tannate, malate, and phosphate appeared noncrystalline by XRD even after 7-10 years of aging (Table 1 and Figures la-c) . At pH 6.0--8.0, citrate, tartrate, and tannate inhibited the formation of Al-hydroxides or oxyhydroxides at R = 0.05 and/ or 0.1, whereas they formed in phosphate or malate at R values ranging from 0.1 (pH = 6.0) to 0.5 (pH 7.0-8.0) ( Table 1) .
The morphology of the amorphous A1 precipitation products differed from sample to sample. Usually, noncrystalline products from experiments with small concentrations of organic ligands appeared to be shapeless colloids with fluffy surfaces, while those containing high amounts of anions were often strongly aggregated particles (data not shown). Similar results were found by 
Initial ligand/A1 molar ratio. 2 A or a = noncrystalline material; P or p = pseudoboehmite; G or g = gibbsite. Components are listed in order of decreasing abundance as estimated by X-ray diffraction, IR spectroscopy, and electron microscopy. Capital or lower case letter indicates major or minor component; lower-case letter in parenthesis indicates a trace.
3 The numbers in parenthesis indicate the years of aging. 4 Samples with large quantities of shapeless colloidal materials revealed by electron microscopy but only barely detectable peaks of pseudoboehrnite by XRD. Violante and Huang (1985, 1992) in samples aged a few months.
Pseudoboehmite was found in experiments covering a wide range of pHs (initial pHs from 6.0-11.0) and at ligand/A1 molar ratio ranging from 0.01-0.17 in the presence oftartrate, tannate, citrate, phosphate, or malate even in suspensions aged 15 years (Table 1 ; Figures  l d-f and 2b-d) . Only a high concentration of sulfate (R = 50) promoted the formation of pseudoboehmite, which remained stable for 8 years (Table 1 and Figure  2e ). Usually pseudoboehmite formed within a few weeks or months of aging (Tables 1 and 2) (Violante and Huang, 1985) , but two samples with tartrate (R = 0.05, pH = 8.0) and citrate (R = 0.01, pH = 7.0) that were still amorphous after 5 months changed into pseudoboehmite by further aging (Table 1 ). The crystalline ordering of pseudoboehmite, formed under various ionic environments, was indeed very poor (Figures 1  and 2 ) even after 8-15 years of aging. These materials revealed a marked X-ray broadening. The FWHM of the peak at 6.15-6.65 /~ was equal to 3.0-3.8 ~ 20 or more (Figures ld to lg) and showed broad or barely detectable IR bands at about 3300, 3100 (Figures 2b-2e) , 1150, 1070, 845, and 485 cm -1.
Oriented pseudoboehmite shows one intense peak at 6.2-6.8/~ (Figures ld and lg) ; the other peaks--at about 3.2, 2.3, 1.9, 1.4, and 1.3 /k--are visible only with randomly oriented samples (Hsu, 1967 (Hsu, , 1989 Tettenhorst and Hofmann, 1980; Violante and Huang, 1984, 1985) . Some oriented samples, formed in the presence of tartrate (R = 0.1, pH = 11.0) and tannate (R = 0.01, pH = 8.0) and aged 10 years, showed, re- 
Formation of gibbsite
Precipitates formed in the presence of aspartate (R = 0.1 or 0.5), oxalate (R = 0.1, 0.2 or 1.0), malate (R = 0.03 or 0.17), salicylate (R = 0.05), or chloride (R = 700 or 1000) at pH >-7.0 contained gibbsite after many years of aging (Table 2; Figures lh, 20. Furthermore, a material formed at pH 9.0 and an acetylacetone/A1 molar ratio of 1.0, which showed a huge peak of pseudoboehmite and small peaks of nordstrandite (4.80, 4.32, and 2.82 A) after 5 months of aging, slightly changed after 8 years of aging (Figure lg) .
Some crystals ofgibbsite, mixed with noncrystalline materials or pseudoboehmite, were found in a citrate (pH 4.7 and R ---0.01 in Figure 2a ) and in a tartrate system (pH 8.0 and R = 0.25 in Table 2 ). These results were surprising because, in the presence oftartrate and citrate, short-range ordered materials formed in all the samples synthesized at pH 5.0-11.0 and at R ranging from 0.01-0.17 (Table 1) .
Effect of montmorillonite
OH-AI species precipitated at pH between 4.5 and 9.0 in the presence of tartrate, citrate, or tannate at ligand/A1 molar ratios from 0.01-0.1 and in the presence of montmorillonite (16-18 meq A1/g clay) were interlayered after few months of aging showing d-values ranging from 14.5-17.0/~ (data not shown). After 2 years, Al(OH)x-montmorillonite complexes formed and pH 8.0, and at e) R = 0.1 and pH 11.0; 0 tannate at R = 0.01 and pH 8.0; g) acetylacetone at R = 1.0 and pH 9.5; and h) aspartate at R = 0.1 and pH 8.0. P stands for pseudoboehmite. R indicates the initial ligand/A1 molar ratio. All the samples were aged 8-10 years (see Table 1 ).
at pH > 7.0 contained gibbsite and almost no interlayered A1 (data not shown). Gibbsite did not form at pH ---6.0 even after 6 years of aging in some AI(OH)xmontmorillonite complexes formed in the presence of tartrate, tannate, and citrate at R values from 0.02 to 0.1. In Figure 3 are reported the X-ray diffraction patterns of chlorite-like complexes formed at pH 6.0 in the absence and presence of citric (R = 0.1) or tannic acid (R = 0.02 and 0.1). The complex obtained in the absence of organic ligands showed formation of gibbsire and a partial interstratification of aluminous species. On the contrary, the complexes formed in the presence of organic anions showed complete absence of gibbsite and a much greater interstratification. 
CoK6 Radiation
Figue 3. X-ray powder diffractograms of montmorillonite (M) and chlorite-like complexes (16 meq A1/g of montmorillonite) formed at pH 6.0 in the absence or in the presence of dtrate (R = 0.1) and tannate (R = 0.02 or 0.10) after 6 years of aging.
crystallization of ml(OH)3 and produced only noncrystalline or poorly crystalline materials (pseudoboehmite). After 7-10 years, noncrystalline materials were found in samples formed at pH < 8.0 in the presence of strongly chelating ligands such as citrate, tannate, and tartrate at R values ranging from 0.05-0.1. Such materials were also found in the presence of malate and phosphate at R from 0.1-0.5 (Table 1) . On the contrary, equal or higher concentrations of aspartate or oxalate (R ranging from 0.1-1.0) did not inhibit the crystallization of gibbsite (compare Figure 1 a-c to Figure lh ; see Table 2 ). As discussed before, gibbsite formed (surprisingly) in a citrate (pH 4.7 and R = 0.01 in Figure 2a ) and in a tartrate system (pH 8.0 and R = 0.25 in Table 2 ), despite the fact that pseudoboehmite was always found in all the samples synthesized in the presence of citrate at R = 0.01, but at higher pH values (from pH 6.0 to 9.0) or in the presence oftartrate at pH 8.0 to 11.0, but at R ranging from 0.01 to 0.1 (Table 1) . A possible explanation of these findings is that in these two samples a high percentage of A1 (more than 35%) was initially in solution, evidently because of the low initial pH in the citrate system (pH 4.7) and the high ligand concentration in the tartrate system (R = 0.25). It is known that the crystallization of Al(OH)3 polymorphs occurs via solution (Hsu, 1989) , whereas the transformation of the initially formed noncrystalline materials into pseudoboehmite seems to occur as a solid-state reaction (Aldcroft et al., 1969; Wefer and Bell, 1972) . Consequently, a large amount of A1 initially in solution may facilitate the formation ofgibbsite vs boehmite even in the presence of high concentrations of strongly chelating ligands. Of course the rate of crystallization is tremendously slow and requires a long induction period. Peudoboehmite formed at pH 8.0 or 9.0 in the presence of chloride (R = 700 or 1000), aspartate (R = 0.1 or 0.5), malate (R --0.003 or 0.17), or salicylate (R = 0.05) was not stable. Only after prolonged aging did it change, often partially, into gibbsite (Table 2) .
On the contrary, pseudoboehmite without AI(OH)a polymorphs was found in a wide pH range (from 6.0-11.0) and in the presence of critical concentrations of many different ligands even after 1 0-15 years of aging (Table 1) .
The results reported in this work throw new light on the genesis, nature, and stability of pseudoboehmite. For many years, most researchers claimed that boehmite should not form under our present soil environment, but rather from hydrothermal reactions in the past, because, at ambient temperature and pressure, boehmite is only a transitional phase that very rapidly converts into AI(OH)3 polymorphs (Hsu, 1989) . It is now demonstrated that pseudoboehmite could easily form at ambient temperature and pressure in different ionic environments and remain unchanged for an indefinite time.
Pseudoboehmite covers a range of compounds whose degree of ordering or particle size depends on the nature and concentration of foreign ligands, pH, temperature, and the time of aging (Figures ld-g and Figures 2b-e; Tettenhorst and Hofmann, 1980; Violante and Huang, 1984, 1985; Hsu, 1989; . For example, in this work we also found that pseudoboehmite samples formed in the presence of selected ligands at different ligand/A1 ratios but at the same initial pH (i.e., samples obtained at pH 8.0 in the presence of citrate, tartrate, or tannate at R values ranging from 0.01-0.1 in Table 1 ) usually showed that the materials obtained at lower ligand/A1 molar ratios appeared, even after many years of aging, to have crystals less defective and/or slightly larger than those formed at higher ligand/A1 ratios as appeared evident by the less broad XRD peaks (data not shown) and IR bands. In fact, the IR bands at about 3300, 3100 (Figure 2b vs Figure 2c ) 1150, 1070, 845, and 485 cm -~ of the sample formed at pH 8.0 in the presence of citrate at R = 0.01 were more evident than those of the sample at R = 0.02.
Finally, it was ascertained that, in spite of the fact that montmorillonite facilitated the crystallization of gibbsite, the presence of some ligands with high affinity for A1 (citrate, tannate, or tartrate) strongly stabilized the formation of hydroxy-A1 montmorillonite complexes, mainly in the acidic pH range (from 4.7-6.0), which is most conducive to chloritization (Barnhisel and Bertsch, 1989) .
